Laboratory experiments have been performed on samples of Westerly granite in which the differential stress was repeatedly cycled to 85% of the intact sample strength. The experiments have shown that under uniaxial conditions the onset of dilatancy is reduced to fairly low stress; however, under triaxial conditions dilatancy can be an' apparently stable process, and the onset of dilatancy is not affected by the repeated cycling. Thus the implication for midcrustal earthquakes is that the onset of dilatancy repeatedly occurs at relatively high stress levels. For example, our results indicate that at typical focal depths of 2.5 and l0 km (corresponding to effective hydrostatic pressures of about 500 and 2000 bars) the onset of dilatancy repeatedly occurs at 1.8 and 3.0 kbar of differential compressive stress, respectively.
INTRODUCTION
An important assumption of the dilatancy-diffusion hypothesis of earthquake prediction [Nur, 1972; Scholz et al., 1973] is that materials in active fault zones can repeatedly dilate. That is, under the conditions of high tectonic stress preceding a given earthquake, dilatancy is assumed to occur despite the repeated occurrence of very large stresses throughout geologic history. second, and fifth cycles are shown; this experiment terminated with a jacket leak during the sixth cycle.
Following each cycle in Figure I the differential stress-volumetric strain loops did not completely return to their initial value, but rather the samples grew larger. Increased sample size results especially in the uniaxial sample, whereas under 500 or 2000 bars of confining pressure, significant permanent volume increase occurred only during the first cycle. From preThe purpose of this work was primarily to answer two im-vious experiments it appears that significant permanent portant questions: Does dilatancy occur after many cycles of volume increase under triaxial conditions occurs only when compressive stress? and if so, Is the onset of dilatancy sig-the maximum differential stress exceeds the previously apnificantly reduced by the repeated cycling? plied maximum differential stress or when the sample is sub- Scholz and Kranz [1974] and Haimson [1974] reported the jected to high differential stress for a substantial period of time effects of cyclic loading on dilatancy in Westerly granite. How- [Zoback and Byedee, 1975] . ever, the experiments of Scholz and Kranz were performed only under uniaxial conditions, and the experiments of Haimson were performed at very low confining pressure (70 bars) and very high loading rates.
RESULTS
In these experiments the samples were axially loaded to about 85% of the intact sample strength and loaded and unloaded at a constant strain rate of 10 -5 s -•. The intact sample strength of Westerly granite at the different confining pressures was reported by Mogi [1966] .
Volumetric strain was measured in the manner described by Brace et al. [1966] . Axial and circumferential strain gages were attached directly to the sample for the uniaxial experiments and were attached to a thin copper jacket for the triaxial experiments. Volumetric strain was calculated from the individual strains (Aa/a = •z + 2•0). (Figures 2b and 2c) the size of the differential stress-strain loops decreases for both the axial and the radial component of strain. However, in Figure 2a (the uniaxial sample) note that between cycles 1, 3, and 6 the size of the differential stress-axial strain loop uniformly decreases, whereas the size of the differential stress-radial strain loop decreases and then increases. It appears then that the radial strain component causes the differential stress-volumetric strain loops to decrease initially in size and then increase, as is seen in Figure   la .
From the compressibility data of Brace [1965] it is apparent that at confining pressures as high as 9 kbar, pore closure accompanies elastic compression. For this reason the straight lines drawn coincident to some of the data in Figure 1 to represent only the amount of energy associated with grain boundary sliding, that is, frictional work. The axial cracks were stably opening and closing but with little or no crack extension. Thus the large difference between the loop size for the first cycle and that for subsequent cycles is the surface (and seismic) energy associated with crack growth during cycle 1.
The decrease in onset of dilatancy (C') under uniaxial conditions can possibly result from a decrease in the coe•cient of grain boundary friction due to wear. Although this may be partly true, if the coe•cient of friction were to be greatly decreased, one would expect a large decrease in the stress necessary to cause backsliding (C"). However, the unloading parts of cycles 1 and 6 (Figure la) show that C" is only slightly affected by the repeated cycling. Therefore a large change in the coe•cient of friction does not appear to have occurred in these experiments. An alternative explanation for the reduction in C' with cycling is that the normal stress acting across the grain boundaries is reduced as the sample progressively fractures and the grains naturally loosen. Thus with little applied axial load there is little normal stress acting across the grain boundaries to oppose sliding, and the onset of dilatancy occurs at quite a low stress. It therefore appears that uniaxially, and perhaps at very low confining pressures, the onset of dilatancy depends largely on the degree to which the grains of the rock are naturally bound together.
Under triaxial conditions the constancy of C' is also quite logical. Under confining pressure, repeated sliding will change the coefficient of friction of completely interlocked surfaces very little [Byedee, 1967] , and the normal stress across the sliding surfaces will remain relatively constant. Since the frictional properties of the sliding surfaces remain relatively constant, so does the onset of dilatancy.
To determine further the validity of the grain boundary sliding-axial crack model discussed abov•e, the following two experiments were performed.
After cycle 20 the sample at 500 bars of confining pressure was routinely loaded to the maximum differential stress but unloaded gradually as is shown in Figure 4 . For the first partial cycle the sample behaved as was expected; with increasing stress the shape of the hysteresis loop is the same as that seen in Figure lb , and the sample volume increased linearly as the differential stress was initially removed. However, as the differential stress was reincreased in the second partial cycle, note that some additional dilatancy occurred. This implies that ei,ther some backsliding accompanied the decrease of stress in partial cycle 1 or that some additional crack growth occurred as the stress was increased during partial cycle 2. The subequent partial cycles behaved as expected, dilatancy occurring as the stress was increased and backsliding and crack closure accompanying the decrease in stress.
The second experiment performed to determine the validity of the grain boundary sliding-'axial crack model was to observe carefully the strains which occurred when the hydrostatic pressure was sometimes removed after a given
• (%-o])
• ( that further backsliding and crack closure occurred when the hydrostatic pressure was removed. After the first cycle of deviatoric stress (closed symbols) the sample was significantly axially compressed and radially expanded (backsliding and crack closure had not completely occurred). However, as the hydrostatic pressure was removed, the normal stress acting across grain boundaries was reduced, and backsliding and crack closure progressively took place. As the hydrostatic pressure was reincreased before differential stress cycle 2, the longitudinal strain was the same as it was before the deviatoric stress cycle, and as expected, the radial strain showed a permanent increase. This also indicates that the progressive increase in sample volume results from the axial cracks which remain open throughout the cyclic tests. Although it is now apparent that several complex processes accompany deformation of the samples, the simple model presented in Figure 3 has proved to be quite consistent with several important features of the data. For example, the change both in the onset of dilatancy with cycling and in the size of the hysteresis loops with cycling is adequately explained by this model. Also the shape of the hysteresis loops is consistent with that of the loops of the model for the uniaxial sample. Triaxially, however, the shape of the loops is not altogether consistent with that predicted by the model. In Figure   I this inconsistency is most apparent in the slope of the elastic portion of the cycles during unloading of the sample. The model predicted that for both loading and unloading, the elastic slopes would be the same, but triaxially this is clearly not the case. After the maximum stress had been reached and the sample had begun to be unloaded, the unloading elastic slope was significantly different from the supposedly corresponding slope for increasing stress. This behavior is also evidenced in Figures 2b and 2c ; note that there is a significant difference between the loading and unloading elastic slopes for the radial component of strain but not for the axial component.
CONCLUSIONS
The experiments reported here under 500 and 2000 bars of confining pressure have shown that dilatancy can be a stable and repeatable process, and the onset of dilatancy is essentially unaffected by repeated cycling to high compressive stress. This result is in contrast with experiments performed uniaxially (this study and that by Scholz and Kranz [1974] )and under very low confining pressure [Hairnson, 1974] . Under these conditions it was found that the onset of dilatancy can be substantially reduced by repeated cycling.
The triaxial experiments reported in this study indicate that in the focal region of midcrustal earthquakes, dilatancy repeatedly occurs at a fairly high differential compressive stress, equivalent to about 25% of the failure stress in the case of Westerly granite.
The grain boundary sliding-axial crack model of Brace et al. crack growth at high differential stress is probably quite important but is not considered in this investigation. Furthermore, under uniaxial conditions (andspossibly at very low confining pressures) it is apparent that the forces that naturally bind the grains of the sample together are important in determining its dilatational characteristics.
